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Abstract 
Thermal process allow for a significant reduction in the weight and volume of transformed sewage sludge. The high heavy metal 
content in sewage sludge effectively reduces the possibility of its agricultural use. This study investigated heavy metals 
transformation from municipal sewage sludge using a combination of thermal drying process. The experiments were conducted 
using furnace as a heating apparatus to dry the municipal sewage sludge at different temperature and analyze the species of heavy 
metal in municipal sewage sludge after drying. Results show that the contents of heavy metal are different in municipal sludge. 
The species of heavy metal obviously transformed after drying at different temperature. Additionally, the transform amount of 
metals varies in the species of metal as well as the type of heavy metal after drying. The effect of high temperature can transfer 
the acid-soluble, the reducible and the oxidizable species into the residual species. High temperature has the ability of stabilizing 
the heavy metals in municipal sewage sludge. 
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1. Introduction 
Sewage sludge is an unwanted but inevitable by-product of wastewater treatment process. Due to the tremendous 
increases in water consumption, the amount of wastewater treated and therefore the sewage sludge produced 
increase rapidly. As a result, the amount sewage sludge is increasing. The disposal measures of municipal sewage  
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sludge vary with national conditions in different country. The municipal sewage sludge is mainly disposed by 
composting in agriculture and landfill [1]. Municipal sewage sludge has high moisture content so that it is bulky and 
its components are complicated. Those characteristics are not good for following storing or utilizing. After 
traditional dehydration and concentration, the moisture content of municipal sewage sludge cannot decrease to less 
than 60 % [2]. Providing thermal energy is necessary if there is a need to dehydrate the sludge. In the future, heat 
drying techniques will be the main methods to dry the municipal sewage sludge. As an advanced deep dehydration 
technology, heat drying of municipal sewage sludge has been widely used worldwide [3-4]. 
On the other hand, municipal sewage sludge contains a large amount of heavy metals, which may cause 
secondary pollution to the environment while recycling [5]. The harm of heavy metals varies with the type and the 
existing species of metal. The biotoxicity of heavy metal is not only related to its total quantity, but it is most 
determined by its species distribution [6]. Different species of heavy metal may cause different environment effect; 
as a result, the species of heavy metal has an effect on the metal toxicity, migration and circulation in nature [7-8]. 
Therefore, it is significant to research the existing species and transformation characteristics of contaminant 
(especially heavy metal) in municipal sewage sludge. It guides to control the relocation diffusion of contaminant in 
municipal sewage sludge and also provides helpful references to follow-up resource utilization of municipal sewage 
sludge. While there is few study on characteristics of heavy metal species transformation in municipal sewage 
sludge in the procedure of drying at high temperature. Shujing Liu and Aimin Li, etc [9] did some research on the 
species of heavy metal distribution regularities and its characteristics of residual in municipal sewage sludge, and 
the results showed that under the function of high temperature, the heavy metal toxicity lessens along with the 
temperature increment. So, the sewage sludge will be harmless in some degree. Lin Fang and Yu Tian, etc [10] 
studied stabilization of heavy metal in municipal sewage sludge by different dry methods, and found that microwave 
radiation can promote to stabilize the contaminants in dry sludge. 
Based on the improvement of heat drying of municipal sewage sludge, the research on the species distribution 
and transformation of heavy metal in municipal sewage sludge during heat drying can prove techniques and theory 
to control heavy metal pollution during the procedure of disposing municipal sewage sludge. 
2. Experimental  
2.1. Materials and Reagents 
The municipal sewage sludge we used in this experiment is from Tangxun Lake wastewater treatment plant in 
Wuhan. 
Main experimental apparatus: draught drying cabinet; muffle; atomic absorption spectrophotometer(AAS); 200 
mm ash sieve; 0.45 ­m filter membrane; PTEF crucible; other common experimental containers. 
Main experimental reagents: HOAc (AR)˗NH2OH·HCl (AR)˗H2O2 (30 %)˗NH4OAc (AR)˗ HNO3 (AR)˗
HCl (AR)˗HClO4(AR)˗HF (AR). 
2.2. Experimental Process 
Dry the fresh sludge which is taken from Tangxun Lake wastewater treatment plant continuously with draught 
drying cabinet at 150 ć. And then dry the sludge continuously with muffle at 300 ć, 500 ć and 800 ć. Grind the 
dry sludge to powder with agate mortar and sift the sludge powder with 200 mesh sieves after removing the 
impurities like stones or withered plants. Store sludge which is been sifted in 4 ć fridge. Sequential extraction was 
carried out according to the BCR procedure in order to quantify the occurrence of different forms of heavy metals in 
the sludge.BCR sequential extraction procedure is based on Tessier and established by European Community 
Bureau of Reference [11]. This method is widely used in researching the species of heavy metal in sludge [12-14]. 
The operation steps are as follows: 
(ν) Extraction Procedure of the Acid-soluble: Weigh 0.5 g sifted sludge precisely and put it into 50 ml PE 
centrifuge tube and add 20 ml 0.1 mol/L HOAc into it. Oscillate the samples for 16 h with the speed of 160 r/min at 
room temperature. Centrifuge the oscillated samples for 20 min at the speed of 3000 r/min. The supernatant liquid 
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will be measured by AAS after being filtered by 0.45 ­m filter membrane. Then, wash the residue with 25 ml 
deionized water and centrifuge it for 20 min at the speed of 3000 r/min after oscillating it for 15 min. The residue 
will be kept for following extraction.  
(ξ) Extraction Procedure of the Reducible: Add 20ml 0.5 mol/L NH4OH·HCl (adjust the pH to 1.5 with HNO3) 
into the residue. Oscillate the samples for 16h with the speed of 160 r/min at room temperature. Centrifuge the 
oscillated samples for 20min at the speed of 3000 r/min. The supernatant liquid will be measured by AAS after 
being filtered by 0.45 ­m filter membrane. Then, wash the residue with 25 ml deionized water and centrifuge it for 
20 min at the speed of 3000 r/min after oscillating it for 15 min. The residue will be kept for following extraction. 
(ο) Extraction Procedure of the Oxidizable: Add 5 ml H2O2 (30%) into the residue and let it sit for 1h at room 
temperature after vibrating the tube lightly. Then heat up the samples to 85 ć with thermostat water bath. Add 5 ml 
H2O2 (30%) into the tube after the solution content decrease to about 2 ml, and then keep evaporating the samples 
until nearly dry. Then, take out the tube from the thermostat water bath and cool it to ambient temperature. Add 25 
ml 1 mol/L NH4OAc into the residue and oscillate the samples for 16 h with the speed of 160 r/min at room 
temperature. Centrifuge the oscillated samples for 20 min at the speed of 3000 r/min. The supernatant liquid will be 
measured by AAS after being filtered by 0.45 ­m filter membrane. Then, wash the residue with 25 ml deionized 
water and centrifuge it for 20 min at the speed of 3000 r/min after oscillating it for 15 min. The residue will be kept 
for following extraction. 
(π) Extraction Procedure of the Residue Species: Dry the residue which is from last step at the temperature of 
less than 40 ć. Weigh 0.2 g sample precisely and put it into PTFE crucible which is wetted with a little deionized 
water. Then, add 10 ml HCl (AR) slowly and heat the crucible with electric hot plate. (Control the temperature in 
150 ć in case of crucible deformation.) When the solution reduce to half, add 10ml HNO3 (AR) and 5ml HF (AR) 
and keep heating. During the heating period, shaking the crucible intermittently is necessary in order to removing 
silica. Finally, add 5 ml HClO4 (AR) and heat it until the white smoke is all emitted. The completely digested 
residue is transparently light yellow slime. At last, transfer the completely digested sample with deionized water to 
50ml colorimetric tube. The solution will be measured by AAS. 
(ρ) Heavy Metal Aggregate Analysis: Dry the municipal sewage sludge naturally. Then grind the dry sludge to 
powder and sift the sludge powder with 200 mesh sieves. Weigh 0.2 g sludge into PTFE crucible and digest the 
sludge by the method as above. 
Measure the Pb, Cu, Zn concentration (mg/L) of those extracting solution and digesting solution above with 
AAS and convert the result into the concentration (mg/kg) of initial municipal sewage sludge. Set 3 parallel samples 
and 2 blank samples for every group of experimental sample in order to ensure the accuracy of the results. 
 
3. Results and discussion  
3.1. Total Heavy Metal in sewage sludge  
To determine the usefulness of sludge for thermal transformation it is necessary to know its basic physical and 
chemical characteristics. The elementary composition of sewage sludge and the contents of trance elements and 
inorganic compounds depend on many factors, but it may play a central role for the local or country. 
The total metal content of the municipal sewage sludge in Tangxun Lake wastewater treatment plant are in Table 
1. From Table 1, we concluded that there is a difference between each kind of heavy metal content. The municipal 
sewage sludge in this experiment has highest content in Zn, and Cu takes the second place. Concentration of some 
heavy metals in the sludge material were high when compared to of agriculture utilization in soil. Thus, application 
of sludge to soil would result in an increase in heavy metals content of the soil. However, all metals in the sludge 
were in the acceptable or allowable range for agriculture use reported for many countries. 
The average moisture content and pH value of this kind of sewage sludge is 83.3% and 6.80, respectively. This 
value is greater than recommended limit for use in agricultural application. There also contained organic matter in 
the sewage sludge. Sludge contained large amounts of P and other cations which, along with the nitrogen, can serve 
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as a source of plant nutrients.  
 
Table 1. Metals levels in sludge and comparisons with standard(GB4284-84) 
Element   Metal level  Maximum permitted content used for soil pH 
mg/kg DS           pH≥6.5        pH<6.5 
Pb                 93.60              1000              300 
Cu              108.80              500                 250 
Zn            1871.90              1000               500 
Cr                 78.80              1000               600 
 
3.2. Species Transformation of Pb 
Fig 1 shows that, after being dried at 150 ć, the sludge contains about 8% of acid soluble Pb and about 80% of 
the oxidizable. The main species of Pb is the oxidizable and residue, each accounts about 30% and 41%. However, 
after being dried at 300 ć, the acid soluble Pb and reducible Pb decrease about 2%, meanwhile, the oxidizable Pb 
decrease to 15.2%. Most of Pb exists as residual species in sludge, which contains about 60%. After drying the 
sludge at high temperature 500 ć and 800 ć, the main species of Pb is the residue, which accounts for about 
70%~80% of the total Pb. Based on BCR sequential extraction procedure, the acid soluble species of an elementary 
mainly includes the exchangeable ion and carbonate bound, which are easy to migrate and can be utilized by 
organism directly. The reducible and oxidizable metal can be utilized by organism indirectly if the external 
environmental condition (like pH) changes. However, the residual metal is hard to be used by organism because the 
residual metal exists in mineral crystal and shows weak mobility [15]. Therefore, during the drying process, the 
temperature is rising, and the bio-available Pb transfers to bio-unavailable Pb, which is much more stable. So, high 
temperature has the ability of stabilizing the Pb in municipal sewage sludge. 
 
  
Fig. 1. Distribution of species of Pb at different temperatures 
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From Fig 2, it can be concluded that, in the sludge which is dried at 150 ć, the oxidizable Cu accounts for more 
than 70% of the total Cu, and the reducible Cu and the residue each accounts for about 13.5% and 16.8%. 
Meanwhile, the acid soluble Cu is much less, only accounts for about 0.2%. While, after being dried at 300ć, the 
amount of residue Cu increases to about 35% and the oxidizable Cu decreases to about 60%. This is similar to the 
results presented by Huanxin Weng [16]. The residue species of Cu obviously increases to 70% when the sludge is 
dried at 500 ć and the Cu in the dried sludge shows strong stability. Meanwhile, the oxidizable Cu reduces to 22.2% 
and compared to drying the sludge at lower temperature, the reducible Cu also decreases. In the sludge dried at 
800 ć, Cu is mainly exists as the residue species, which accounts for about 70% of the total Cu, the oxidizable Cu 
and the reducible Cu account for about 13.4% and 13.8% each. Compared to the sludge dried at lower temperature, 
the acid soluble Cu increases a bit in the sludge dried at 800 ć which accounts for about 7% and shows strong 
mobility. Generally speaking, during the process of drying the sludge from lower temperature to high temperature, 
the most bio-available Cu transfers to bio-unavailable species. In the sludge which is dried at high temperature, the 
main species of Cu is residue, which shows strong stability. An increasing temperature always leads to a higher 
removal because mainly reactions, but also mass transfer processes (as diffusion) are accelerated. For Cu, this trend 
is most pronounced, for Cd and Pb it is less pronounced (due to their good removal). Adam et al and Fraissler et al 
reported the similar results (temperature range 750-1000 ć) which are confirmed by thermodynamic equilibrium 
calculations. According to calculations and the finding that Cu, Pb and Zn indicate higher removal rates at higher 
temperatures, Āeasilyā and Āsemi-volatile heavy metalsā should be removed at a treatment temperature of 
1000 ć in directly heated systems[17-18]. 
 
 
Fig. 2. Distribution of species of Cu at different temperatures 
 
3.4. Species Transformation of Zn 
This municipal sewage sludge has the highest amount of Zn because galvanized tubes are mainly used in our 
country. Fig 3 shows the characteristics of distribution of Zn in sewage sludge dried at different temperatures. From 
this figure, it can be concluded that, the different species of Zn distribution is uniformed. As the drying temperature 
rises from 150 ć to 500 ć, some of the oxidizable Zn transfers to the reducible and the acid soluble, so that the 
reducible Zn and the aci soluble Zn increases and shows strong mobility. In the sludge which is dried at 800 ć, the 
amount of residue Zn increases obviously to about 38.7% of the total Zn. In general, most Zn exists as bio-available 
species in the sludge. Compared to other heavy metal elements, Zn shows stronger bio- availability and mobility. In 
some degree, high temperature has the ability of stabilizing the Zn in sewage sludge, but it is not strong. Nowak et al 
reported the similar results (temperature range 950-1050 ć) which are the transformation of Zn is almost about 10% 
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higher in the experiments and the residence time has a higher influence than the temperature[19]. 
 
 
Fig. 3. Distribution of species of Zn at different temperatures 
 
4. Species mobility analysis of different heavy metals 
Their stability of Heavy metals species from strong to weak as follows: the residual, the oxidizable, the reducible 
and the acid soluble. Specie of acid soluble metal can be bioavailable directly, which is exchangeable specie and its 
mobility is strong. The reducible is also relatively strong migration in the potential environmental impacts. Under 
normal circumstances, the exchangeable and reducible species can be used to represent the migration ability of 
heavy metals. In other words, the exchangeable and the reducible species are a whole to represent the potential 
mobility of the oxidizable and residual species analysis with their proportion as their mobility. 
4.1. Species mobility analysis of Pb 
The bioavailable species of Pb (exchangeable and reducible species) was significantly reduced under different 
temperature conditions(see Fig. 4). While the oxidized species of Pb is also a reduced in some extent. But the 
residue species which is hard to be available by animal and plant are significantly increased. Overall, at a 
temperature impact, the bioavailable and oxidizable species transformed to the residual species of Pb in the sludge. 
Temperature has a obvious effect to stabilize Pb elements in sewage sludge. The migration performance of Pb was 
obvious when the temperature increased from 150 to 500 ć and was stable when the temperature rise to 800 ć.  
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Fig.4. Species mobility of Pb at different temperatures 
 
4.2. Species mobility analysis of Cu  
The species of Cu changes significantly with increasing temperature(see Fig.5). The species of Cu in the sludge 
is the oxidizable species under natural conditions. But when the temperature increased gradually the oxidizable 
species drastically reduced in the sludge and transformed into the residual species that stable and difficult applied by 
organisms. Much of oxidizable species of Cu transformed into the residual species when the temperature increased 
from 300 to 500 ć. When temperature increased to 800 ć, the bioavailable species of Cu has a gentle increased. 
Generally, the migration characteristic of Cu mainly mobilized from oxidizable to a stable residue species under 
high temperature. 
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Fig.5. Species mobility of Cu at different temperatures 
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4.3. Species mobility analysis of Zn 
For Zn in the sewage sludge, due to its special activate, mainly existed in bioavailable species. This element has 
not an obvious change as Pb and Cu mentioned above when the temperature change(see Fig. 6). Even at a high 
temperature, different species distribution of Zn is still stable. Temperature does not have a significant stabilizing 
effect on this element in the sewage sludge. Zn compounds in fly ash are stable, the amount of evaporable Zn and 
ZnCl2 is very low even with the temperature of 1050 ć. The low removal or transformation of species of Zn could 
be caused by the high content of these elements in the ash or a disadvantageous availability in the ash(either 
embedded in the matrix or as stable compounds, with a hardly effected by thermal)[19-20]. 
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Fig.6. Species mobility of Zn at different temperatures 
 
5.  Conclusions  
The objectives were to test the behavior of sewage sludge in the thermal process. Higher temperature generally 
causes a higher removal and transfer to the residual species of heavy metals. The conclusions can be summarized as 
follows: 
(ν) The amounts of different heavy metal in the sludge of Tangxun Lake wastewater treatment plant have big 
difference. Zn is the most contained in this sewage sludge. The amount order of different heavy metals is as follow: 
Zn˚Cu˚Pb˚Cr. 
(ξ) During the process of drying, the main species of Pb is the residue. The acid-soluble Pb, the reducible Pb 
and the oxidizable Pb decrease in some degree as well as the bio-availability weakens. Therefore, with the effect of 
high temperature, the stability of Pb promoted to a great degree. 
(ο) During the process of drying the sludge at lower temperature, Cu mainly exists as the oxidizable species. 
While, when the drying temperature rises, the most oxidizable Cu transforms to the residue Cu, and the amount of 
the reducible Cu and the acid-soluble Cu increase. High temperature has the ability of stabilizing the Cu in sewage 
sludge. 
(π) Different species of Zn distribution are uniform in sewage sludge because of its activity in chemistry. As 
the drying temperature rises, the bio-availability of Zn in sewage sludge weakens in some degree. Generally, the 
bio-available species account for the most of total amount of Zn. 
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